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■ Abstract 

■ We examine the role of seesaw motivated exotic scalars in loop- 
D . mediated Higgs decays. We consider a simple TeV-scale seesaw model 



built upon the fermionic quintuplet mediator in conjunction with the 
scalar quadruplet, where we examine portions of the model parame- 
ter space for which the contributions of charged components of the 
scalar quadruplet significantly increase the /i — t- 77 decay rate. The 
most significant change in the diphoton width comes from a doubly 
charged scalar $ which should be the lightest component in the 
scalar quadruplet. There is a mild suppression of the h — > Z7 decay 
width by a factor 0.9 - 0.7 in the part of the parameter space where 
the /i — >• 77 decay width is enhanced by a factor 1.25 - 2. 
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1 Introduction 



The recently discovered resonance with mass ruh — 125 — 126 GeV P, [2] 
strongly resembles the Standard Model (SM) Higgs boson. The present hints 
that the loop- induced /i — )■ 77 event rate deviates by a factor 1.5-2 from its 
SM value indicates the existence of additional charged particle(s) on 

which the tree-level Higgs decay modes are much less sensitive. The history 
of the "prediscovery" of charmed and top quarks through the loop amplitudes 
may be repeated in the scalar sector. 

On the other hand, if this enhancement in /i — )■ 77 disappears with a 
larger integrated luminosity, it will still constrain the parameter space of 
various extensions of the SM containing new charged states which should 
affect this loop amplitude. In this spirit there is a number of theoretical 
attempts to match the indicated discrepancy by the effects of an extended 
Higgs sector [S E El [9] . 

Notable, the /i — )■ 77 decay rate is sensitive on the doubly charged scalar 
fields such as those existing in Higgs triplet model of neutrino mass gener- 
ation. These states have been in focus of both the direct searches at the 
LHC [ini E] and of theoretical investigations [IS [131 HH US] • Here we go 
a step further by studying the effects of singly and doubly charged compo- 
nents of a scalar quadruplet contained in our recent TeV-scale seesaw model 
for neutrino masses |16] . 

The paper is organized as follows. In section II we briefly review the 
TeV-scale seesaw model at hand. A detailed study of the scalar potential is 
presented in section HI. We investigate the effects of exotic scalars on the 
loop-level Higgs decays in sections IV and V. The conclusion is presented in 
section VI. 

2 Fermionic quintuplet seesaw model 

A simple and predictive TeV-scale seesaw model [16j under consideration 
belongs to a class of beyond dimension-five seesaw models [T71 \TE\ [TU] which, 
on account of introducing higher iso-multiplets, lower the originally high 
seesaw scale to the TeV scale accessible at the LHC. In order to produce the 
seesaw diagram in the simple model at hand, the fermionic hyper charge-zero 
quintuplets Ejj = (S^^, S^, S^j, T,]^, transforming as (1, 5, 0) under the 
SM gauge group have to be accompanied by a a scalar quadruplet $ = 
($+, $ ) transforming as (1, 4, -1). 

The gauge invariant and renormalizable Lagrangian involving these new 



2 



H ^ H H ^ H 

V * V ^ ^ Y \ 

1^ 1^ ^ (J) 

(J) X y (J) \ 

* I < X > I > * / . )< > N > 

V E° V V £ V 

L R L R L 

Figure 1: Tree level dimension- nine operator and one-loop dimension- five operator 
diagrams relevant for generating the light neutrino masses. 

fields reads 

(1) 

where the scalar potential contains the mass and the quartic terms for the 
doublet H and the quadruplet $ fields 

V{H,<I>) = -ii]jH^H + iil^^^ + \i{H^HY + \2H^H^^^ + X^H*H^*^ 

+ {\iH*HH^ + H.c.) + {X^HH^^ + H.c.) + {XqH^*^^ + H.c.) 

+ A7($^<I>)V A8<J>*W$ . (2) 
In the tensor notation the terms in Eqs. ([T]) and ([2]) read [TB] 

= _ (3) 

The light neutrino masses arise through tree level dimension-nine operator 
and one-loop dimension-five operator. The diagrams displayed on Fig. [T]lead 
to two contributions to light neutrino masses 
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determined by quartic couplings A4 and A5, respectively. Let us remind [16] 
that in the regime of comparable and light (~ 200 GeV) masses for exotic 



(4) 
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fermions and scalars the tree contribution prevails, while the loop contribu- 
tion dominates for heavy masses (~ 500 GeV) and remains a sole contribution 
if additional discrete Z2 symmetry forbids the A4 term in Eq. (|2]). 



3 Scalar potential 

After the electroweak symmetry breaking (EWSB) the neutral components 
of the scalar fields acquire a vacuum expectation value and read 

= ^{vn + + IX) , $° = + ^° + ^n) ■ (5) 

If all couplings in the scalar potential are real the conditions for the minimum 
of the potential 

dVQ{vu,v^) dVo{vH,v^) 
A = ^ ' A = ^ 

give 

/i = X^vjj + (-A2 + -A3 - -Asjt;^ + —XiVHV^ - —Xq — , (7) 
2 b 6 2 y vh 

A^-K = -(0-^2 + 77A3 - -Asjt;^:^ - — A4 \- —XgVhv^ - {Xr + -Xsjv^ . 

2 b 6 b 6 9 



The electroweak p parameter is changed by w$ from the unit value to p ~ 
1 + 6f|/f|^ constraining the ratio v^/vh to be smaller then 0.015. 

The mixing between singly charged and between neutral components of 
H and $ multiplets will occur after the EWSB. Let us illustrate this on the 
— if^ mass terms 



If 112 \ 

-- ( -lAi + 3Ait;| + (-A2 + -A3 - -As)^ + y/?>XiVHV^ j h^h^ 

(A2 + ^A3 - ^X^)vHVii, + ^Xiv]j - -^XqvI^ h^</ 
-\ (^4 + (^^2 + ^A3 - '^X^)vl + ^Kvhv^ + (3A7 + ^As)^) <^V° • 

(9) 

The mass term that mixes and ip^ is small because it is proportional ei- 
ther to from A2,3,6 terms in Eq. 02]), or to small lepton number violating 
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couplings A4^5 dictated to be small from considerations of neutrino masses. 
Therefore we neglect the mixing between the components of H and $ mul- 
tiplets and we neglect the terms of higher order in v<i,/vH whenever possible. 

In the approximations given above, the masses of charged components of 
the quadruplet $ are 

m2($-) = fil + ^X^vjj + ^X^vjj , (10) 

Their couplings to the Higgs boson relevant for the /i — 77 decay are 

- £ = c^+VHh^^+*^+ + c^-VHh^<^-*<!>~ + c^~-VHh^<^—*(^— , (11) 
where the newly introduced couplings 

2 

c$+ = A2 , c$- = A2 + -A3 , c$— = A2 + A3 , (12) 

are expressed in terms of the quartic couplings A2 and A3 which, for simplicity, 
we assume to be equal in the following. 



4 Higgs diphoton-decay width 

In our model in addition to the dominant SM contributions from the W 
boson and top quark loops to the /i — )■ 77 decay rate only the charged scalars 
contribute substantially. The analytic expression for the diphoton /;,—)■ 77 
partial width reads [6l EQl EH |22] 



T{h ^ 77) 



,2 



2 



(13) 

where the three contributions corresponding to Xj = Amf/ml {i = W,t,S) 
refer to spin-1 {W boson), spin- 1/2 (top quark) and charged spin-0 particles 
in the loop. The electric charges for fermions and scalars, Qt = +2/3 and 
Qs, are given in units of |e|, and their respective number of colors are Nc = 3 
and Nc^s = 1 for color singlet scalars under consideration. The loop functions 
for spin-1, spin-1/2, and spin-0 particles are given as 

Ai(x) = -x^ [2x-^ + 3x-^ + 3{2x-^ -l)f{x-^)] , (14) 
Ay^ix) = 2x^[x-' + {x-'-l)f{x-')] , (15) 
Ao{x) = -x^[x-'-fix-')] , (16) 
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Figure 2: Enhancement factor R^^ =(2.5, 2, 1.75, 1.5, 1.25) for the /i — > 77 
branching ratio in dependence on scalar coupling A = A2 = A3 and the mass of the 
lightest charged component of the $ multiplet, m(<I> ). 



where, for a Higgs mass below the kinematic threshold of the loop particle 
rrih < 2 mioop, we have 

/(x) = arcsin^ a/x . (17) 

We now look at the possible enhancement of the — > 77 decay rate through 
extra contributions with charged components of scalar quadruplet $ running 
in the loops. Following [6] we define the enhancement factor with respect to 
the SM decay width 



R. 



■77 



1 + 



^2 cs v'h 

V5 



^0(^5) 



5=$+ 



2 ml A^{tw) + N.Q^t Ai,2{rt) 



In order to get an enhancement of the /;.—)■ 77 decay rate, the contribution 
of the new charged scalars has to interfere constructively with the dominant 
SM contribution of the W boson. Since this requires negative couplings cs 
in Eq. ( [T3|) . we assume A2,3 < 0. The biggest effect on the /i — 77 decay 
rate comes from $ for two reasons. First, it has a charge \Qq, — | = 2 and 
second, for A3 < it is the lightest of the charged $ components. We will 
not consider A2,3 > case for which to get a significant enhancement in R^^ 
the charged scalars should be too light. 
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On Fig. [2] we plot the enhancement factor R^^ as a function of the scalar 
couplings A2,3 and the mass of the lightest charged scalar m($ ). For 
simplicity we assume A2 = A3 = A, and in order to keep the stability of 
the scalar potential, we restrict ourselves to the interval A G [—2,0]. In this 
interval the value R^^ = 2 can be achieved up to m($ ) = 280 GeV and 
the value R^^ = 1.25 up to m($ ) = 520 GeV. 



5 Higgs to Z-photon decay width 

Another loop mediated Higgs decay sensitive to new charged particles is 
h — )■ Z'y. It is sensitive both on the charge and weak isospin of the particles in 
the loop. After adding a contribution of a new scalar to the SM contributions 
from the W boson and top quark the decay rate is given by [S] 

where 

Asm = cosg^A(rv,,av,) + AT, ^^^^^^^'^ ^^^^'^-^ Ai/2(n,a,) , (20) 

cos 

V sinO^ csVh ^ - Qs sin^ 6 

As = — 7, — Qs n — ^ Ao{Ts,as) . (21) 

2 cos Uy, sm Uy^ 

Here cTj = Amf/m^ and Tg*"* = 1/2 and T^^^ correspond to the weak isospin 
of the top quark and the new scalar. The loop functions are given by 

Ai/2ix,y) = Ii{x,y) - hix^y) , 
Ao{x,y) = h{x,y) , (22) 

where 

Hx,y) = -/(;,-')] , (23) 

For the Higgs mass below the kinematic threshold of the loop particle, ruh < 
2 ^loop, we have 

g{x) = V x~^ — 1 arcsin ^/x . (24) 
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The additional contributions in a model with scalar quadruplet lead to the 
modification factor Rz'^ for the h — t- Z7 decay rate with respect to the SM 
decay width 



R 



1 + 



E 



A, 



A, 



■SM 



(25) 



On Fig. [3] we plot the modification factor Rz-^ as a function of the scalar 
couplings A2,3 (assuming A2 = A3 = A) and the mass of the lightest charged 
scalar m($ ). We obtain a moderate suppression of the h — )■ Z7 decay 
rate in the region of the parameter space where the /;.—)■ 77 decay rate is 
enhanced. In the chosen interval A G [—2, 0] the factor Rz-y = 0.6 is achieved 
up to m($— ) = 220 GeV and Rz-y = 0.9 up to m($~) = 480 GeV. 
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Figure 3: Modification factor Rz-y =(0.6, 0.7, 0.8, 0.9) for the h ^ Zj branching 
ratio in dependence on the scalar coupUng A = A2 = A3 and the mass of the Ughtest 
charged component of the $ multiplet, m(<I> ). 



6 Conclusion 



It is conceivable that the first sign of new physics observed at the LHC may 
stem from loop effects of new particles additional to the SM content. We 
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take under scrutiny particular extensions of the SM Higgs sector aimed to 
explain the small masses of neutrinos, which simultaneously provide doubly 
charged scalars that significantly affect the loop amplitude for the /i — ?■ 77 
decay. 

The studies of /i — )■ 77 enhancement by the doubly charged scalars from 
the Higgs triplet model of neutrino mass generation [121 [131 [IH US] lead to 
their rather small masses. They already seem to be excluded by the direct 
searches at the LHC flU\ [TT] . Therefore we find it timely to explore the effect 
of doubly charged component of the scalar quadruplet existing in our recent 
simple TeV-scale seesaw model for neutrino masses [16]. The results which 
we obtain show that it is easier to obtain an enhancement of the /i — )■ 77 de- 
cay rate in our model than in the Higgs triplet model. The Higgs quadruplet 
is devoid of the Yukawa couplings to the leptons which play a decisive role in 
the mentioned LHC exclusion bounds for doubly charged scalars. Therefore 
our model in the sub-TeV mass region, where a significant enhancement in 
R^^ can be obtained, is not excluded. Also, there is a remarkable feature of 
achieving the biggest effect on /i — )■ 77 decay rate from the doubly charged 
$ state at hand. The essential A3 < coupling ensures that $ is the 
lightest among the charged $ components and that it interferes construc- 
tively with the dominant SM contribution of the W boson. Concerning the 
monitoring h — )■ decay, the effect is smaller and opposite. There is a 
moderate suppression of the h — )■ Z7 decay rate in the region of the param- 
eter space where the 77 decay rate is enhanced. Finally, the imposed 
role on the scalar quadruplet in explaining the smallness of neutrino masses 
is decisive in keeping the relevant couplings from the scalar potential small 
so that the mixing between components of H and $ multiplets is negligible. 
Accordingly, the state announced at the LHC [H [2] corresponds in our setup 
to the SM Higgs boson. 

Acknowledgement s 

We thank Kresimir Kumericki for useful discussions. This work is supported 
by the Croatian Ministry of Science, Education and Sports under Contract 
No. 119-0982930-1016. 

References 

[1] G. Aad et al. [ATLAS Collaboration], Observation of a new particle in 
the search for the Standard Model Higgs boson with the ATLAS detector 
at the LHC, Phys. Lett. B 716, 1 (2012) [1207.7214 [hep-ex]]. 



9 



[2] S. Chatrchyan et al. [CMS Collaboration], Observation of a new boson 
at a mass of 125 GeV with the CMS experiment at the LHC, Phys. Lett. 
B 716, 30 (2012) [1207.7235 [hep-ex]]. 

[3] P.P. Giardino, K. Kannike, M. Raidal and A. Strumia, Is the resonance 
at 125 GeV the Higgs boson? [1207.1347 [hep-ph]]. 

[4] S. Chatrchyan et al. [CMS Collaboration] Search for the standard model 
Higgs boson decaying into two photons in pp collisions at sqrt(s)—7 TeV, 
Phys. Lett. B 710, 403 (2012) [1202.1487 [hep-ex]]. 

[5] G. Aad et al. [ATLAS Collaboration], Search for the Standard Model 
Higgs boson in the diphoton decay channel with 4-9 fb-1 of pp collisions 
at sqrt(s)=7 TeV with ATLAS, Phys. Rev. Lett. 108, 111803 (2012) 
[1202.1414 [hep-ex]]. 

[6] M. Carena, I. Low and C.E.M. Wagner, Implications of a Modified 
Higgs to Diphoton Decay Width, JHEP 1208, 060 (2012) [1206 . 1082 
[hep-ph]]. 

[7] W-F. Chang, J.N. Ng and J. M.S. Wu. Constraints on New Scalars 
from the LHC 125 GeV Higgs Signal, Phys. Rev. D 86, 033003 (2012) 
[1206.5047 [hep-ex]]. 

[8] C-W. Chiang and K. Yagyu, Higgs boson decays to 77 and Z7 in models 
with Higgs extensions, [1207.1065 [hep-ph]]. 

[9] I. Dorsner, S. Fajfer, A. Greljo and J.F.Kamenik, Higgs Uncovering 
Light Scalar Remnants of High Scale Matter Unification, [1208 . 1266 
[hep-ph]]. 

[10] S. Chatrchyan et al. [CMS Collaboration] A search for a doubly- charged 
Higgs boson in pp collisions at sqrt(s) — 7 TeV, [1207.2666 [hep-ex]]. 

[11] G. Aad et al. [ATLAS Collaboration], Search for anomalous production 
of prompt like-sign muon pairs and constraints on physics beyond the 
Standard Model with the ATLAS detector, Phys. Rev. D 85, 032004 
(2012) [1201.1091 [hep-ex]]; G. Aad et al. [ATLAS Collaboration], 
Search for doubly-charged Higgs bosons in like-sign dilepton final states 
at sqrt(s) = 7 TeV with the ATLAS detector, [1210.5070 [hep-ex]]. 

[12] A. Melfo, M. Nemevsek, F. Nesti, G. Scnjanovic and Y. Zhang, Type 
n Seesaw at LHC: The Roadmap, Phys. Rev. D 85, 055018 (2012) 
[1108.4416 [hep-ph]]. 



10 



A. Arhrib, R. Benbrik, M. Chabab, G. Moultaka and L. Rahili, Higgs 
boson decay into 2 photons in the type II Seesaw Model, JHEP 1204, 
136 (2012) [1112.5453 [hep-ph]]. 

S. Kanemura and K. Yagyu, Radiative corrections to electroweak pa- 
rameters in the Higgs triplet model and implication with the recent Higgs 
boson searches, Phys. Rev. D 85, 115009 (2012) [1201.6287 [hep-ph]]. 

A.G. Akeroyd and S. Moretti, Enhancement of H to gamma gamma 
from doubly charged scalars in the Higgs Triplet Model, Phys. Rev. D 
86, 035015 (2012) [1206.0535 [hep-ph]]. 

K. Kumericki, I. Picek and B. Radovcic, TeV-scale Seesaw with Quintu- 
plet Fermions, Phys. Rev. D 86, 013006 (2012) [1204.6599 [hep-ph]]. 

K.S. Babu, S. Nandi and Z. Tavartkiladze, New Mechanism for Neutrino 
Mass Generation and Triply Charged Higgs Bosons at the LHC, Phys. 
Rev. D80 071702 (2009) [0905.2710 [hep-ph]]. 

I. Picek and B. Radovcic, Novel TeV-scale seesaw mechanism with Dirac 
mediators, Phys. Lett. B 687, 338 (2010) [0911.1374 [hep-ph]]. 

K. Kumericki, I. Picek and B. Radovcic, Exotic Seesaw-Motivated Heavy 
Leptons at the LHC, Phys. Rev. D 84, 093002 (2011) [1106.1069 
[hep-ph] ] . 

J. R. Elhs, M. K. Gaillard and D. V. Nanopoulos, A Phenomenological 
Profile of the Higgs Boson, Nucl. Phys. B 106, 292 (1976). 

M. A. Shifman, A. I. Vainshtein, M. B. Voloshin and V. I. Zakharov, 
Low-Energy Theorems For Higgs Boson Couplings To Photons, Sov. J. 
NucL Phys. 30, 711 (1979) [Yad. Fiz. 30, 1368 (1979)]. 

A. Djouadi, The Anatomy of electro-weak symmetry breaking. I: 
The Higgs boson in the standard model, Phys. Rept. 457, 1 (2008) 
|hep-ph/0503172| . 



11 



